To demonstrate enhanced bone marrow monocytopoiesis in response to thermal injury and sepsis and to provide a mechanism for this observation.
Objective
To demonstrate enhanced bone marrow monocytopoiesis in response to thermal injury and sepsis and to provide a mechanism for this observation.
Summary Background Data
Although monocyte activation and the resultant dysregulated cytokine production are now the accepted hallmarks of systemic inflammatory response syndrome, no information is available on the status of bone marrow monocyte production under injury conditions; neither has the balance between the two arms of myelopoiesis (monocytopoiesis and granulocytopoiesis) been delineated.
Methods
Peripheral blood absolute neutrophil and monocyte counts were determined 72 hours after the initial injury in sham, burn, and burn sepsis mice. Colony-forming potential in response to colony-stimulating factors (granulocyte, macrophage, and granulocyte/macrophage) was determined in both total nucleated and monocyte progenitor enriched bone marrow cells. Dual color flow cytometry was used to document the distribu-tion pattern of monocyte progenitors. Macrophage colonystimulating factor receptor density in monocyte progenitors was assessed by 125 I macrophage colony-stimulating factor binding assay.
Results
Burn sepsis induced circulating monocytosis and granulocytopenia. Colony-forming assays demonstrated an increase in the growth potential of monocyte progenitors and a significant decrease in granulocyte progenitors after burn and burn sepsis. Flow cytometric analysis of early (ER-MP12) and late (ER-MP20) monocyte progenitors showed an increase in monocyte lineage growth in burn sepsis. Radioligand binding assay demonstrated an increase in macrophage colony-stimulating factor receptor expression in monocyte progenitors in burn sepsis.
Conclusions
The data validate the premise that enhanced monocytopoiesis in thermal injury and sepsis results from an imbalance in myelopoiesis that is driven by the increased expression of macrophage colony-stimulating factor receptor.
Activation of monocytes and macrophages and the resultant overproduction of proinflammatory cytokines are considered central to the pathology of sepsis. 1 The correlation between the severity of sepsis and the overproduction of the cytokines, such as tumor necrosis factor-␣, interleukin-1, and interleukin-6, is well documented, so much so that several clinical trials were initiated to verify whether negating their levels in patients with sepsis would lead to im-provements in survival. 2, 3 Although unequivocal evidence for the efficacy of these treatments is still forthcoming, thus far the results from these multicenter trials indicate that these treatment modalities do not result in a significant survival advantage in patients with sepsis. 2, 3 Although much is known about the potential role of monocyte and macrophage activation in the pathogenesis of sepsis, few studies have focused on the production of monocytes by the bone marrow under the same conditions. To understand the role of monocytes and macrophages in sepsis and severe injury states, both activation and rate of production are equally important.
The origin of monocytes and macrophages is the bone marrow, wherein the monocytic progenitors give rise to monocytes, which differentiate in tissues to become mac-rophages. 4 In the bone marrow, monocytopoiesis is coordinated through a series of tightly coupled proliferation and differentiation signals that allow the maturation of the pluripotent stem cells into monocytes. 5 The stem cells give rise to the bipotential progenitor colony-forming unit granulocyte-macrophage (CFU-GM), which can differentiate into either granulocytes or monocytes. 6 The development of monocytes from CFU-GM is predominantly under the influence of macrophage colony-stimulating factor (M-CSF). 7 Studies with op/op mice, which have a null mutation at the M-CSF locus, and granulocyte/macrophage colony-stimulating factor (GM-CSF) knockout mice clearly establish M-CSF as the essential growth factor for monocyte production. 8 -10 Trauma and thermal injury have been shown to be associated with increased production of bone marrow CFU-GM in animal models. 11, 12 Further, similar increases in CFU-GM have also been demonstrated in patients with various infections and peritonitis. 13 We have previously demonstrated an arrest in granulocyte lineage maturation and severe neutropenia in burn sepsis. 14 Whether monocyte production is also similarly downregulated or whether CFU-GM is preferentially directed toward the monocytic lineage in thermal injury and sepsis remains an open question. In addition, evidence suggesting the potential mechanism that regulates the development of progenitors along the monocyte lineage under these conditions is also lacking.
In the present study, we performed experiments designed to test the status of bone marrow monocytopoiesis in a murine thermal injury and sepsis model. To achieve this goal, we need reliable cell surface markers whose expression pattern will allow us to determine the progression of monocyte progenitor development. Recently, the antibodies to cell surface markers ER-MP12 and ER-MP20 have been used for the identification of myeloid committed progenitors and murine monocyte/macrophage development. [15] [16] [17] Through the expression pattern of these monocyte lineagespecific developmental antigens and clonogenic assays, we demonstrated that monocytopoiesis is augmented by thermal injury and sepsis. We present concrete evidence that the increase in monocytopoiesis is accompanied by a parallel increase in the expression of macrophage colony-stimulating factor receptor (M-CSFR), encoded by c-fms, thus providing a potential mechanism for our observations.
METHODS

Animals
Male B 6 D 2 F 1 /J mice (Jackson Laboratories, Bar Harbor, ME) 6 to 8 weeks old and weighing 22 to 28 g were acclimated for 1 week before use in an approved climatecontrolled animal care facility with 12-hour light and dark cycles. The animals were offered free access to food and water.
Thermal Injury and Infectious Challenge
The animal thermal injury was induced essentially as described by Walker and Mason. 18 Briefly, the animals were randomly divided into sham, burn, and burn sepsis groups. After the mice were anesthetized with 50 mg/kg pentobarbital sodium given intraperitoneally, the dorsal hair was removed with clippers. Animals randomized into the burn and burn sepsis groups were placed supine into a Delrin template (Dupont, Wilmington, DE) and subjected to a 15% full-thickness dorsal scald by partial immersion into a 100°C water bath for 7 seconds. Higher-percentage burns result in unacceptable levels of death, which severely limits the usefulness of the model. All three groups were resuscitated with 2 mL 0.9% NaCl, given intraperitoneally. Mice in the burn sepsis group were inoculated with 1,000 colonyforming units Pseudomonas aeruginosa (ATCC 19960, Rockville, MD) at the burn site immediately after the injury. As a separate model for nonsystemic infection, B 6 D 2 F 1 /J male mice were randomly divided into control and infection groups. All animals were anesthetized as above and sharp dissection was used to create a subcutaneous pocket on the dorsal surface into which an 8 ϫ 2-mm polyvinyl alcohol sponge (Rippey Corp, El Dorado Hills, CA) was inserted. The sponges in the infection-only group were inoculated with 1,000 colony-forming units P. aeruginosa; the sponges in the control group were treated with normal saline. All skin wounds were closed with staples. The absence of systemic infection was confirmed by the absence of bacteria in blood cultures at 1 and 3 days after initial infection.
Blood Leukocyte Counts
Total and differential white blood cell counts were determined 72 hours after thermal injury. Blood was collected from cardiac puncture with a heparinized syringe. Blood was diluted with 3% acetic acid to lyse the red blood cells and leukocytes were counted in a Neubauer hemocytometer. Differential counts were calculated from blood smears stained with Wright-Giemsa stain. Both absolute monocyte counts and absolute neutrophil counts were calculated from percentages of each cell type and total white blood cell counts.
Bone Marrow Cells
All mice were killed 72 hours after the thermal injury. Total bone marrow from each femur pair was collected aseptically by eluting the medullary cavity with 3 mL RPMI 1640 supplemented with 10% fetal calf serum (FCS), penicillin (100 U/mL), and streptomycin (10 g/mL) using a 1-mL syringe and a 25-gauge needle. An aliquot of the cell suspension was diluted in 3% acetic acid to lyse red blood cells, and the total nucleated cells were quantitated using a Neubauer hemocytometer.
Flow Cytometric Analysis
Murine bone marrow cells were labeled with fluorescent anti-ER-MP12 and anti-ER-MP20 antibodies 3 days after the initial injury and analyzed by dual color flow cytometry. After blocking the Fc receptors with a rat antimouse CD16/ CD32 (Fc␥III/II) antibody (1 g/10 6 cells) (PharMingen, San Diego, CA) for 5 minutes at 4°C, bone marrow cells (1 ϫ 10 6 cells) were labeled with Fluorescein isothiocyanate (FITC)conjugated ER-MP20 (2 L) and biotin-conjugated ER-MP12 (4 L) (Accurate Chemical and Scientific Corp, Westbury, NY) for 30 minutes at 4°C. The cells were then washed three times with normal phosphate-buffered saline, resuspended in 100 L phosphate-buffered saline with 0.1% bovine serum albumin (BSA) and incubated with Streptavidin-phycoerythrin (PE) (5 L) (Vector Laboratories, Burlingame, CA) for 30 minutes at 4°C. At the end of this time, the cells were washed three times with phosphatebuffered saline and then fixed with 1% paraformaldehyde before flow cytometric analysis.
Magnetic Bead Separation of Monocyte Progenitors
Total bone marrow cells (1 ϫ 10 7 ) cells were resuspended in 100 L degassed phosphate-buffered saline containing 2 mmol/L ethylenediamine tetraacetic acid (EDTA) and 0.5% BSA. The cells were labeled with either rat antimouse ER-MP12 or ER-MP20 antibodies (1:40 vol/vol) by incubating them at 4°C for 10 minutes. The cells were then washed and incubated in 100 L degassed phosphatebuffered saline containing magnetic microbead conjugated goat antirat IgG (1:10 vol/vol). The cells were incubated at 4°C for 15 minutes. The unlabeled cells were eluted through a column while in a magnetic field. Positively labeled cells were collected by pushing 1 mL degassed phosphate-buffered saline through the column removed from the magnetic field. An aliquot of the labeled cell elutant was diluted in 3% acetic acid and counted in a hemocytometer.
Preparation of Pooled Mouse Serum
Pooled serum from endotoxin-challenged mice served as the source of multiple colony-stimulating factors and was prepared essentially as described by Zahn et al. 19 Briefly, B 6 D 2 F 1 /J mice (6 to 8 weeks old) were injected intraperitoneally with 5 mg lipopolysaccharide (LPS) prepared from Escherichia coli 0111:B4 (Difco Laboratories, Detroit, MI). After 6 hours, the animals were killed and the blood was collected by cardiac puncture. The serum was separated, pooled, filter sterilized, and stored in aliquots at -70°C until needed.
Soft-Agar Clonogenic Assay
The clonogenic potential of the bone marrow cells was determined as previously described. 20 Total bone marrow or ER-MP12(ϩ) or ER-MP20(ϩ) separated cells (25,000 -75,000 cells/well) were cultured in 1 mL McCoy's medium containing 20% FCS, 0.3% Bacto agar (Difco Laboratories), penicillin (100 units/mL), and streptomycin (10 g/ mL). The cultures were stimulated with appropriate concentrations of murine recombinant macrophage colonystimulating factor (rM-CSF), recombinant granylocyte macrophage colony-stimulating factor (rGM-CSF), or recombinant granulocyte colony-stimulating factor (G-CSF) or pooled mouse serum. The control cultures were incubated in the absence of any colony-stimulating factor. All culture dishes in triplicate were incubated for 7 days at 37°C in a 10% CO 2 atmosphere. At the end of this incubation time, colonies with greater than 50 cells were counted under a light microscope. The total number of colony-forming units per femur was calculated from the total nucleated cell counts per femur and the number of colonies developing in culture. Cytospin preparations of colonies from each of the experimental groups grown in the presence of each growth factor were fixed and stained with Wright-Giemsa stain to characterize cell morphology.
Radioiodination of M-CSF
Murine rM-CSF was radioiodinated as previously described. 21 Briefly, 2 g carrier-free murine rM-CSF (R&D Systems Inc, Minneapolis, MN) was iodinated with 500 Ci Na 125 I (ICN Pharmaceuticals Inc, Costa Mesa, CA) in the presence of 0.36 mmol/L chloramine T at 4°C for 30 minutes. The reaction was stopped with 0.43 mmol/L sodium metabisulfite and 100 mmol/L potassium iodide. Proteinbound radiolabel was separated from the free label by exclusion chromatography through a Sephadex G-25 column (Amersham Pharmacia Biotech, Piscataway, NJ). The efficiency of radioiodination was determined by the percentage of radiolabel incorporated into a trichloracetic acid precipitate.
M-CSFR Expression
Bone marrow cells enriched with ER-MP12 and ER-MP20 (1 ϫ 10 6 cells) were incubated with various concentrations of 125-I M-CSF (0 -2,000 pmol/L) in 1 mL RPMI-1640 containing 0.025M HEPES and 10% FCS at 4°C for 15 hours. The cells were then washed in ice-cold phosphatebuffered saline and the cells were solubilized with 1 mL 0.05 mol/L Tris-HCl and 05% sodium dodecylsulfate. The samples were then counted in a gamma-counter. Nonspecific binding was determined by incubating the cells with a 50-fold excess of unlabeled M-CSF in the presence of the radiolabel. The specific binding was calculated as total binding minus nonspecific binding. A nonlinear regression analysis was used to process the data and calculate the receptor numbers per cell as well as the dissociation constant Kd. 
Statistical Analysis
All experiments were repeated in duplicate, and all results are reported as mean Ϯ SEM. For comparisons between groups, multivariate analysis was conducted using the analysis of variance statistic, followed by the Scheffe post hoc test for significance.
RESULTS
Death Rate
All the animals in the sham and burn groups survived, but 30% of the animals in the burn sepsis group died by 3 days after the initial injury. In this group, all the deaths occurred between 48 and 72 hours. None of the moribund animals was included in the study. All animals survived the infection-only challenge created with the polyvinyl alcohol sponge.
Peripheral Blood Leukocyte Profile
As an initial assessment of the effect of thermal injury and superimposed sepsis on circulating monocytes, we determined the absolute monocyte and absolute neutrophil counts in the sham, burn, and burn sepsis animals 72 hours after injury (Table 1) . After burn injury, the absolute monocyte count was significantly increased compared with the sham group. When in the presence of superimposed sepsis, the absolute monocyte count was enhanced to almost twice the value seen in burn alone. In contrast, burn alone did not significantly alter the absolute neutrophil count. Burn sepsis, however, resulted in severe neutropenia. These results suggest that thermal injury and sepsis induce diametrically opposite effects on peripheral blood monocytes and neutrophils. There were no differences observed in the absolute monocyte or neutrophil counts in the animals in the infection-only model (see Table 1 ).
Dual Color Flow Cytometric Analysis of Monocyte Progenitor Profile
Dual color flow cytometric analysis after labeling the bone marrow cells with PE-and FITC-conjugated ER-MP12 and ER-MP20 antibodies, respectively, was used to follow the maturation pattern of monocytic lineage in sham, burn, and burn sepsis animals. Although the ER-MP12 represents predominantly colony forming unit-macrophage (CFU-M), progressively more ER-MP20 antigen is expressed from the CFU-M stage onward but disappears after the monocytic stage. 16 Further, by following the distribution pattern of the expression of these two antigens on the bone marrow cells, de Bruijin et al 15 demonstrated the phenotypic separation and identification of bone marrow monocyte precursors. Using this dual color flow cytometric technique, we have demonstrated separation of monocytic lineage into five distinct developmental compartments, in order of increasing maturity: ER-MP12 High /ER-MP20 Neg , ER-MP12 Med /ER-MP20 Neg , ER-MP12 Med /ER-MP20 Med , ER-MP12 Neg /ER-MP20 Med , and ER-MP12 Neg /ER-MP20 High .
Our results indicate that 72 hours after the initial injury, there was a significant increase in the number of the intermediate monocyte progenitors (ER-MP12 Med /ER-MP20 Med ) in the burn (43.6% total fluorescence) and the burn sepsis groups (38.2%) compared with the sham group (30.3%) ( Fig. 1 ). In addition, there was a significant increase in the late monocyte progenitors (ER-MP12 Neg/ ER-MP20 High ) in the burn sepsis group (6.1% total fluorescence) compared with the burn (4.6%) and sham (3.7%) groups. The monocyte maturation profile of all three groups was not significantly different at days 1 and 2 after the injury (data not shown). These results indicate that thermal injury drives the differentiation and maturation of the monocyte progenitors in the bone marrow that is augmented by superimposed bacterial sepsis. These results also provide a plausible explanation for the peripheral monocytosis observed in thermal injury and sepsis. Although there was a significant increase in intermediate monocyte progenitors in the infection-only group (48.3% total fluorescence) compared with the control group (35.9%, there were no differences in the numbers of late monocyte progenitors (Fig. 2 ).
Clonogenic Evidence for the Preferential Monocytopoiesis in Thermal Injury
The potential to produce monocytes and granulocytes under the influence of specific colony-stimulating factors was measured by a soft-agar colony-forming assay. Initially, total bone marrow cells from sham, burn, and burn sepsis animals were cultured in soft agar in the presence of either M-CSF, GM-CSF, or G-CSF or pooled mouse serum. The number of colony-forming units responsive to M-CSF was significantly increased after burn sepsis compared with sham ( Fig. 3) . Although burn injury alone resulted in a modest increase in M-CSF-responsive progenitors, this failed to reach statistical significance. Similarly, progenitors responsive to GM-CSF were increased after burn sepsis compared with sham. Uncomplicated burn injury was again unable to enhance progenitor growth significantly. When pooled mouse serum was used as a source of multiple growth factors and inhibitors to approximate the in vivo inflammatory environment, colony-forming progenitors were significantly increased after both burn and burn sepsis compared with sham. In contrast, progenitors responsive to G-CSF in both burn and burn sepsis groups were decreased by half compared with the sham group. Infection-only induced a similar reduction in G-CSF-responsive progenitors, but there were no differences in progenitor growth in the presence of M-CSF, GM-CSF, or pooled mouse serum (Fig. 4) . Cytospin-prepared slides were used to identify the general cell morphology of colonies grown in the presence of different growth factors (data not shown). Overall, colonies grown in the presence of M-CSF consisted of monocytes, 
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whereas G-CSF-responsive colonies were made of granulocytes. A mixture of both monocytic and granulocytic cell types was found in colonies responsive to GM-CSF and pooled mouse serum. In an effort to identify the individual contributions made by early or late progenitors to monocytopoiesis, total bone marrow was separated into ER-MP12(ϩ) or ER-MP20(ϩ) subpopulations and grown in a colony-forming assay similar to that described above. ER-MP12(ϩ) progenitors displayed a proliferative response among the three groups similar to that of nonseparated bone marrow cells (Fig. 5 ). Both ER-MP12(ϩ) cells in the presence of G-CSF and ER-MP20(ϩ) cells in the presence of either of the growth factors demonstrated a lack of colonyforming potential (data not shown). Although burn sepsis arrests G-CSF-responsive progenitor growth, the simultaneous expansion of the CFU-GM compartment potentially drives the monocyte population. Taken together, thermal injury plus sepsis stimulates a shift in the balance of progenitors away from the granulocyte lineage and toward the monocytic lineage.
Radioligand Determination of Enhanced M-CSFR Expression
To elucidate the mechanisms involved in monocytopoiesis induced by thermal injury and sepsis, the M-CSFR density on enriched monocyte lineage cells was determined with a 125 I radioligand assay. The competition of 125 I M-CSF by unlabeled M-CSF at the receptor site allowed the construction of a curve (Fig. 6 ) that compared specific binding among the three injury groups. When these data were converted by nonlinear regression analysis to deter- Figure 3 . Soft-agar clonogenic assay for the quantitation of specific growth factor-responsive bone marrow progenitors 72 hours after sham, burn, and burn with sepsis. Bone marrow cells were incubated in an agar-supported RPMI media in the presence of (A) macrophage colonystimulating factor (10 ng/mL), (B) granulocyte/macrophage colony-stimulating factor (10 ng/mL), (C) pooled mouse serum (2.5% vol/vol), or (D) granulocyte colony-stimulating factor (300 ng/mL). Colonies (Ͼ50 cells) were counted with a light microscope after 7 to 10 days of incubation. Total nucleated bone marrow cell counts were used to determine the number of growth factor responsive progenitors per femur. All assays were done in triplicate. Data represent mean Ϯ SEM; n ϭ 6. *P Ͻ .05 vs. sham, **P Ͻ .01 vs. sham. Figure 4 . Soft-agar clonogenic assay for the quantitation of specific growth factor-responsive bone marrow progenitors 72 hours after control (solid bars) and infection-only (striped bars). Bone marrow cells were incubated in an agar-supported RPMI media in the presence of macrophage colony-stimulating factor (M-CSF, 10 ng/mL), granulocyte/ macrophage colony-stimulating factor (GM-CSF, 10 ng/mL), pooled mouse serum (PMS, 2.5% vol/vol), or granulocyte colony-stimulating factor (G-CSF, 300 ng/mL). Colonies (Ͼ50 cells) were counted with a light microscope after 7 to 10 days of incubation. Total nucleated bone marrow cell counts were used to determine the number of growth factor-responsive progenitors per femur. All assays were done in triplicate. Data represent mean Ϯ SEM; n ϭ 6. *P Ͻ .05 vs. sham, **P Ͻ .01 vs. sham.
mine the M-CSFR density (Fig. 7) , monocyte lineage cells from the burn sepsis group demonstrated a more than threefold increase in receptor expression compared with the sham group. Burn injury alone doubled the expression of M-CSFR compared with sham. The dissociation constant Kd was greater in the burn group (300.9) than the sham (41.7) and burn sepsis (132.3) groups. Because the M-CSFR is known to be primarily responsible for the proliferation of the committed monocyte lineage, these data provide a po-tential mechanism for the expansion of the monocyte lineage after thermal injury and sepsis.
DISCUSSION
We report a novel finding that thermal injury and sepsis, but not localized infection, result in an enhanced commitment of bone marrow myeloid progenitor cells preferen- Figure 5 . Soft-agar clonogenic assay for the quantitation of specific growth factor-responsive ER-MP12(ϩ)-enriched bone marrow progenitors 72 hours after sham, burn, and burn with sepsis. Bone marrow cells were incubated in an agar-supported RPMI media in the presence of either (A) macrophage colony-stimulating factor (10 ng/mL), (B) granulocyte/macrophage colony-stimulating factor (10 ng/mL), or (C) pooled mouse serum (2.5% vol/vol). Colonies (Ͼ50 cells) were counted with a light microscope after 7 to 10 days of incubation. Total nucleated bone marrow cell counts were used to determine the number of growth factor-responsive progenitors per femur. All assays were done in triplicate. Data represent mean Ϯ SEM; n ϭ 6. *P Ͻ .05 vs. sham, **P Ͻ .01 vs. sham, ##P Ͻ .01 vs. burn. Figure 6 . Radioligand assay for the specific binding of 125 I macrophage colony-stimulating factor to the macrophage colony-stimulating factor receptor on ER-MP12(ϩ)/ER-MP20(ϩ)-enriched bone marrow monocyte progenitors after sham (&U25EF;), burn (), and burn with sepsis () 72 hours after injury. Magnetic bead-separated monocyte bone marrow cells from each injury group were incubated with various concentrations of 125 I macrophage colony-stimulating factor (0 -2,000 pmol/L) in the presence and absence of 50ϫ excess unlabeled macrophage colony-stimulating factor at 4°C for 15 hours. The receptor complex was solubilized and counted in a gamma-counter. Results from total binding and nonspecific binding were subtracted to construct the specific binding curve. 
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tially toward the monocyte lineage at the expense of the granulocytic lineage. Preferential expansion of the monocyte lineage after thermal injury and sepsis may contribute to the increased availability of monocyte/macrophages in the periphery and in tissues for activation. The activation of monocyte/macrophages is considered pivotal to the aberrant proinflammatory cytokine profile often observed after thermal injury and the sepsis-associated systemic inflammatory response syndrome. 1 Nevertheless, most of the studies have concentrated on only the activation of monocyte/macrophages and the resultant cytokine production in burn injury and sepsis. Thus, our results provide a singular perspective on the monocytopoiesis in thermal injury by following the lineage-specific developmental antigens ER-MP12 and ER-MP20 and provide a potential mechanism for this observation through c-fms expression.
We have previously demonstrated both neutropenia and myeloid maturation arrest in the committed granulocytic lineage in our murine model of burn sepsis and provided mechanistic support for this observation through a downregulation of G-CSF receptor expression. 14 Similarly, Newsome and Eurenius 22, 23 have also demonstrated both neutropenia and impeded bone marrow granulocyte production in their rat models of burn sepsis. These studies, however, did not include the colony forming unit-granulocyte (CFU-G) and colony forming unit-granulocyte macrophage (CFU-GM) proliferation status after thermal injury and sepsis. Our results expand this observation by delineating the changes in the other commitment lineage of myelopoiesis, namely monocytopoiesis. Our clonogenic assay clearly documented a decrease in CFU-G and an increase in both CFU-M and CFU-GM, suggesting that increased production of the CFU-GM is predominantly committed to the monocytic lineage. A similar increase in the CFU-GM has been documented in thermal injury and various infections and peritonitis. [11] [12] [13] Although we report only modest increases in the proliferation of CFU-GM and monocyte progenitors after burn injury alone, this can be explained by the fact that only a 15% total body surface area burn was used. Nonetheless, in our study, we have provided compelling evidence that reconciles the elevation in CFU-GM with a reduction in bone marrow granulocyte production in sepsis, through the preferential expansion in the monocyte lineage.
Using pooled serum, human urine, or conditioned medium as a source of colony-stimulating factors, several studies have reported significantly enhanced bone marrow progenitor growth after burn and other skin injury conditions. 11,12,24 -26 These results, however, are of limited value because of nonspecificity of the growth factor source makes it difficult to determine the specificity of lineage commitment. Recombinant and purified endogenous sources of M-CSF, GM-CSF, and G-CSF have all been shown to stimulate proliferation and differentiation of bone marrow progenitors along the committed lineage. 5 In the current study, recombinant growth factors were used in the colonyforming assays to reflect accurately the number of commit-ted progenitors in the different lineages. Growth factor specificity was further confirmed by the evaluation of Wright-Giemsa-stained cytospin preparations.
To strengthen our observations, we separated the bone marrow monocyte lineage into early and late monocyte progenitors using the developmental antigens ER-MP12 and ER-MP20. With the aid of ER-MP12 and ER-MP20 expression patterns, de Brujin et al 15 were able to separate murine bone marrow cells into ER-MP12 High /ER-MP20 Low , ER-MP12 High /ER-MP20 High , and ER-MP12 Low /ER-MP20 High subpopulations. Although ER-MP12 antigen expression correlated with early monocyte progenitors, the ER-MP20 subset contained the late monocyte progenitors. Applying this technique, we demonstrated a significant increase in the intermediate-maturity monocyte progenitors (ER-MP12 Med / ER-MP20 Med ) and the mature progenitors (ER-MP12 Neg / ER-MP20 High ) after burn and burn sepsis. Although ER-MP12 and ER-MP20 antigens enabled us to separate bone marrow monocyte progenitors into subpopulations, ER-MP antigens are also expressed in other bone marrow cells. ER-MP12 has been recently identified as the vascular adhesion molecule PECAM-1 that is expressed on the entire vascular endothelium of adult mice. 27 We enhanced the specificity of the ER-MP12 lineage by assaying its colony-forming potential to specific recombinant colony-stimulating factors (rCSFs). Only true myelopoietic progenitors will form colonies in soft agar in response to M-CSF, GM-CSF, and G-CSF. Bone marrow cells of nonhematopoietic origin such as endothelial cells cannot form colonies under our experimental conditions. Interestingly, only the early progenitor population (ER-MP12), not the late (ER-MP20) population, could form colonies, suggesting that colony formation is a property of early progenitors. More importantly, the results of the clonogenic response of ER-MP12 cells to different colonystimulating factors was identical to that of whole bone marrow cells, strengthening the overall observations of the imbalance of myelopoiesis in thermal injury and sepsis.
The myelopoietic shift toward monocytopoiesis is substantiated by the observation of monocytosis and concomitant neutropenia in the peripheral blood of septic animals. A similar monocytosis has been reported in both burn patients and in animal models of thermal injury and sepsis. 28 -30 Wallner et al 30 reported that the elevation in circulating monocytes followed the course of the injury and returned to normal when the animals healed, suggesting that monocytosis is a part of the inflammatory process. Our results support this notion.
To demonstrate a plausible mechanism for enhanced monocytopoiesis after burn sepsis, we examined the role of the M-CSFR. Levels of M-CSF, the primary growth factor for monocyte production, are elevated in the plasma and wounds of burn patients and in response to various infections. 31, 32 Therefore, we sought to find out whether the accelerated monocytopoiesis in burn sepsis is mediated by a parallel increase in M-CSFR expression. Further, because M-CSFR is expressed only on monocyte lineage cells and on trophoblasts, measurement of c-fms expression in ER-MP-enriched bone marrow cells obtained from the different experimental conditions adds specificity to our experimental approach. 7 Our studies with the 125 I M-CSF radioligand binding assay with ER-MP12(ϩ)/ER-MP20(ϩ) cells clearly showed enhanced expression of M-CSFR after burn sepsis and a lesser degree of upregulation after burn injury alone.
Because the sham and burn sepsis groups demonstrated similar binding affinity to M-CSF, the amplification of the M-CSFR after burn sepsis reflects a true increase in the cellular potential to respond to M-CSF. A similar correlation between the level of expression of M-CSFR on human monocytes and the responsiveness to M-CSF has been previously reported. 33 Of particular interest, we observed a higher Kd after burn alone. This might reflect a shift in the heterogeneity of the receptor or the progenitor subpopulations. To rule out the possibility that the increase in receptor density in monocyte progenitors obtained from the burn sepsis group was not composed of low-affinity receptors, we titrated our M-CSF-responsive colony formation using different concentrations of rM-CSF (0 -10 ng/mL). In both total and ER-MP12-enriched bone marrow cells from both burn and burn sepsis groups, the maximal response was noticed in the presence of 1 ng/mL M-CSF (data not shown). In direct contrast, cells from sham animals did not respond to 1 ng/mL and produced a suboptimal response at 5 ng/mL and a maximal response at 10 ng/mL. If the receptor density increase in injury groups, especially in the burn sepsis group, was due to low-affinity receptors, as the Kd would suggest, then one would not expect a maximal M-CSF-responsive clonogenic potential at one-tenth the concentration required to elicit a maximal response from the sham group. Therefore, the Kd differences among the groups are more likely to be due to the heterogeneity of the population of each group. Unfortunately, further separation of bone marrow progenitors into pure populations within a developmental program such as pure monoblasts or pure promonocytes must wait for the discovery of new specific cell surface markers.
In conclusion, our results demonstrate that burn and burn sepsis shift, in terms of the contribution of CFU-GM, away from the committed granulocyte lineage and toward the committed monocyte lineage, leading to a subsequent peripheral granulocytopenia and monocytosis. This is in direct contrast to our model of localized infection, which failed to stimulate monocytopoiesis. Further, through M-CSFR expression on enriched bone marrow monocytic lineage cells, we have provided a mechanistic explanation for the increased monocytopoiesis in thermal injury and sepsis. Although the current observations were made in a burn sepsis model, these findings may have broader implications to other models of severe injury and sepsis. Quite often in biology, the responses to similar pathophysiologic events are similar in nature but differ only in the degree of response, depending on the strength of the stimulus. Thus, the information provided here bridges the gap between the roles of activation and cytokine production of monocyte/macrophages in severe injury complicated with sepsis and the myelopoietic balance, which decides the production rate of the monocytes.
